Isolated island plant populations founded by few individuals are often characterized by decreased genetic variation and increased inbreeding. Our aim was to measure population genetic diversity and inbreeding depression in blueflag iris (Iris versicolor L., Iridaceae), a native allotetraploid, on islands in the Bay of Fundy, Canada. Hand-pollination experiments (inbreeding, within-site outbreeding, between-island outbreeding) on Kent Island, New Brunswick revealed no evidence for inbreeding depression across a broad array of morphological, physiological and life history traits. Leaf tissue samples collected from three mainland sites and 10 islands in the Bay of Fundy and genotyped using three microsatellite primer pairs showed that island populations were less genetically diverse than mainland populations. Island populations were genetically distinct from each other, indicating a bottleneck effect associated with colonization and continued isolation.
INTRODUCTION
Colonization is a key process for plant populations on the leading edge of an expanding range and in patchily-distributed habitats such as islands (Levin, 2000) . Because island populations are usually established by relatively few individuals, colonization typically results in a genetic bottleneck and founder effects. In addition, island population sizes are often small so genetic drift can erode the subset of alleles surviving the initial bottleneck (Barrett, 1996) . As a consequence, populations on small remote islands are expected to have lower genetic diversity than mainland populations (Barrett, 1996; Franks, 2010) . Moreover, marginal climatic or soil conditions or the scarcity of pollinators on islands may present ecological challenges to plant populations, which can further diminish genetic variation (Barrett, 1996) . Baker (1955) predicted that self-compatible plants would have an advantage in colonizing isolated habitats because of their ability to reproduce where mates or pollinators are scarce.
Available evidence largely supports Baker's prediction: self-compatibility is more common for island floras than mainland floras (Barrett, 1996; Crawford et al., 2011) . In addition, peripheral populations frequently have higher incidences of selfing than central populations (Stebbins, D r a f t 4 Winn et al., 2011) . Selfing could therefore be a preadaptation for colonization not only because it provides reproductive assurance but also because its attendant elimination of genetic load staves off inbreeding depression in small populations (Glémin et al., 2003; Pujol et al., 2009) .
Polyploidy is also associated with colonization of isolated habitats, possibly because it confers resistance to inbreeding depression (Stebbins, 1950 , Levin, 2002 , Pandit et al., 2011 te Beest et al., 2012) . The extent to which polyploids suffer from inbreeding depression depends in part on whether they are auto-or allopolyploids (Lande and Schemske, 1985; Husband et al., 2008) . Autopolyploids, which combine genomes of conspecific parents, retain higher heterozygosity upon inbreeding than their diploid progenitors because of the multiple combinations by which diploid gametes can produce heterozygous progeny (Soltis and Soltis, 2000) . Allopolyploids, formed through a process of interspecific hybridization, also maintain high levels of genetic diversity because the original parental genomes are typically nonrecombinant, which can lead to fixed heterozygosity (Soltis and Soltis, 2000) . In practice, many species fall somewhere between these two extremes. Empirical evidence on inbreeding depression in polyploids is still scarce, with some but not all studies showing decreased inbreeding depression in polyploids compared to diploid relatives (Husband and Schemske, D r a f t 5 determined that sexual reproduction in I. versicolor occurs primarily through self-fertilizion and concluded that I. versicolor consists of a series of largely independent populations inhabiting a "youthful" region that had become available for colonization since the retreat of the glaciers. The range of I. versicolor extends from northern Virginia and the upper Midwest to the Maritime provinces of Canada, with dense populations, each with one to several thousand clones (Anderson, 1936) . Seeds float readily, and populations occur along the St. Lawrence River system (Anderson, 1928) and on islands in the Bay of Fundy, Canada, where field studies have reinforced Anderson's description of I. versicolor as a highly selfing species (Kron et al., 1993; Zink and Wheelwright, 1997) .
In this study, we used I. versicolor as a model to address questions about inbreeding depression, heterosis and the population genetic consequences of colonization by a selfing, polyploid species (Husband et al., 2008) . Selfing and polyploidy may have contrasting effects on the population genetic consequences of colonization, which we hoped our experiments would elucidate. Selfing in small populations can cause inbreeding depression to decline while simultaneously causing fixation of mildly deleterious mutations (Glémin et al., 2003; Roze and Rousset, 2004) . In such cases, crossing between distinct populations would enhance fitness, even in the absence of overdominance (Charlesworth and Barrett 1991) . On the other hand, if allopolyploidy maintains fixed heterozygosity, crossing between distinct populations should be less likely to enhance fitness.
Our goal was to examine inbreeding depression in the context of the genetic structure of island populations by (1) carrying out a series of controlled crosses in I. versicolor to estimate performance of progeny resulting from open pollination, self-pollination, outcross-pollination D r a f t 6 from the same island, and outcross-pollination from another island, and (2) genotyping 16 I. versicolor populations on the mainland and islands of different sizes throughout the Bay of Fundy to assess the extent to which colonization was associated with loss of genetic diversity, increased genetic differentiation, or isolation by distance. The experiments in this study extend previous work on I. versicolor (Zink and Wheelwright, 1997, Wheelwright et al., 2006) . We investigated a wide array of morphological and proximate physiological traits that have potential to influence life history, including traits not expressed until adulthood (Johnsen et al. 2003 , Heshel et al. 2005 .
We predicted that (1) hand-crossing experiments on island populations of I. versicolor would reveal low levels of inbreeding depression given the populations' history of selffertilization. We also predicted that bottlenecks associated with island colonization and subsequent isolation would be associated with (2) substantial genetic differentiation among island populations, but that (3) considerable genetic diversity might be maintained in these island populations, possibly as a result of polyploidy.
MATERIALS AND METHODS
Study system -Our study sites were located on islands and on several mainland sites in the Bay of Fundy, Canada (Fig. 1) . The islands where we sampled I. versicolor have been isolated from the mainland and, in most cases, each other since at least the time of lowest sea level during glaciation 9500 years ago (see Shipp et al., 1991 , NOAA (2011 , 2013 (Fig. 1) . Like most islands in the Bay of Fundy, Kent, Hay and Sheep Islands are subjected to strong winds and thick fog; cool temperatures year-round produce a boreal climate, flora and fauna. The species richness of flower-visiting insects is only about 15% of the mainland (Wheelwright et al., 2006 Scotia, and three mainland sites (Fig. 1) . We sampled from two locations on the large island of Grand Manan and three locations on Kent Island. With the exception of Campobello Island, all of the islands lay more than 17 km offshore. We considered Campobello to be effectively a mainland site because of its connection to the mainland by a bridge, close proximity to the mainland, and large size. D r a f t 8 of autonomous self-pollination, although insect pollinators enhance seed set (Kron et al., 1993; Zink and Wheelwright, 1997) . Although I. versicolor is principally visited by bumblebees (Bombus spp.) in mainland populations (Kron et al., 1993) , most visitors on Kent Island are seaweed flies (Coelopidae) (Zink and Wheelwright, 1997) . and shape, even when they shared the same microhabitat (pers. obs.). Although we did not use multilocus genotyping to verify the identify of clones, we only included in the sample unambiguous clones (i.e., ramets presumed to be of the same genet) that were separated from other clones by at least 5 m of grass and herbaceous vegetation.
Hand-pollination experiments -
Within clones, each virgin flower was haphazardly assigned to one of three treatments:
(1) control (open pollination by insects), (2) inbreeding (hand-pollination using pollen from a different flower from the same clone), and (3) between-island outbreeding (hand-pollination using pollen from a clone from Grand Manan, Hay, or Sheep Island). Each treatment was replicated on four flowers within each clone at each site (N = 2 sites x 30 clones x 3 treatments x 4 replicates = 720 flowers). We also included an additional treatment, (4) within-site outbreeding D r a f t 9 (hand-pollination using pollen from a different clone within the same site), but because the within-site outbreeding treatment was delayed a week due to time and weather constraints, we analyze those data separately. The sample size for all four treatments was 933 flowers.
Hand-pollinations involved collecting a mature anther in the morning and, within 1-8 h, brushing it over the stigma of another flower until the stigma was densely covered with pollen.
The two Kent Island sites differed slightly in flowering phenology so hand-pollinations were started 2-3 days later at the South site. To ensure that hand-pollinated flowers did not receive additional pollen dropped from their own anthers or from insects transporting pollen from other flowers, we used scissors to cut off all anthers, sepals, and petals before the stigma was exposed, which made the flowers less conspicuous and attractive to pollinators and the stigmas less accessible because insects could not easily land on the flowers. In previous studies (Wheelwright et al., 2006, Zink and Wheelwright, 1997) , we had set up mesh cages over individual flowers to exclude pollinators. However, removing flower parts allowed us to increase our sample size greatly and avoided the potential problem of the cages altering the microclimate or interfering with the normal development of the fruit capsule. To verify that removal of floral parts prevented insect pollination and autonomous selfing, we selected 50 flowers in a separate plot, leaving half as controls and removing anthers, sepals, and petals from the other half. All control flowers set fruit, whereas none of the manipulated flowers did. One day after the flowers had opened we also examined, under a dissecting scope, 30 additional flowers whose anthers, sepals, and petals had been removed. We found no pollen grains on their stigmas.
D r a f t
Fruit set, seed counts and germination -On 21 July 2011, we censused all 933 experimental flowers, recorded whether fruits had set or aborted, and measured the length of developing capsules to 1 mm using dial calipers. By 17 September 2011, herbivory by muskrats (Zibetheca) and other factors unrelated to pollination success had reduced our sample, although capsule mortality was independent of treatment (mortality ranged from 10.3 to 18.3% in different treatments). Of 800 surviving flowers, 549 (68.6%) produced mature capsules. We harvested all mature capsules, measured their lengths, and stored them indoors at 18°C for two months, after which seeds were removed and photographed using Qcapture software. The program
CellProfiler was used to count the number of viable and aborted seeds per capsule and to estimate their relative size by calculating the area of each seed (based on number of pixels).
Viable seeds could be distinguished by their large size, fleshiness, and pigmentation; aborted seeds and unfertilized ova were much smaller and appeared desiccated (Kron et al., 1993) . Seeds from each capsule were then placed in separate paper coin envelopes and stored in double plastic bags at 3.4°C prior to use in germination assays.
Six months later we selected 20 mature seeds from each of 142 capsules to test for germination. Because of space limitations, we could only germinate a subset of our overall sample. Capsules were chosen haphazardly within treatments and clones, with the aim of having roughly equal representations of each treatment and clone. Seeds were placed in individual Petri dishes lined with filter paper and watered every three days with 2 ml of distilled water. Petri dishes were stored at 18°C for four weeks then placed in a growth chamber on a 12-hour temperature schedule of 18.3°C during the night and 23.8°C during the day. Seeds were subsequently monitored for germination every 2-4 days through June 2012. Tables S4 and S5 , we present analyses including three additional clones which represented some but not all of the treatments).
In April 2013, we counted the number of leaves on each F 1 plant and measured the length (cm, using a ruler), width and thickness (mm, using dial calipers) of their longest leaves. During
April and May, we quantified two aspects of photosynthetic efficiency that can be rapidly and effectively measured using chlorophyll fluorescence. For microsatellite primer development, dried leaf samples (~100 mg) from seven plants from Sheep, Kent, and Hay Islands were sent to ATG Genetics (Comox, British Columbia). We evaluated 16 of the 28 loci identified based on the reported quality and consistency of amplification. In addition, we tested nine expressed sequence tags for simple sequence repeats (EST-SSRs) (Tang et al., 2009) . Of the 22 primer pairs that produced amplicons, eight were invariant across 16 samples from different islands and were not used further. Fourteen of the pairs generated chromatograms that were variable, but 11 of these were not possible to score because they either amplified poorly or generated complex chromatograms that were inconsistent across replicate runs, making it difficult to reliably identify fragment lengths. Three primer pairs consistently amplified easily interpretable peaks showing variation among individuals (tet4, tet9 and IM200; see supplementary Table S1 ). DNA extraction and PCR amplification followed standard procedures. PCR products were loaded onto an Applied Biosystems 3130 Genetic
Analyzer. Peaks were called using GeneMapper, and chromatograms were scored manually (see
Supplementary Material Online).
Genotyping and population genetic analysis -In tetraploid plants such as I. versicolor, a chromatogram with two peaks could represent two copies each of two alleles, or one copy of one allele and three of the other allele. Additionally, amplified fragments could be homologous (i.e., from the genome of the same progenitor), or homeologous (from loci of the two different progenitors). Because of these sources of ambiguity, we treated the markers as dominant, scoring peaks as either present or absent. Genetic diversity was assessed by the number of distinct alleles observed and the percentage of observed fragment lengths that were polymorphic within populations.
Diversity among samples from island and mainland populations was compared using the Wilcoxon rank sum test. The relationship between diversity and distance from the mainland was evaluated using a Spearman rank correlation (StataCorp, 2011) . Population genetic analyses were conducted using the GenAlEx 6.501 software package (Peakall and Smouse, 2012) .
Genetic distances were founded on binary comparisons across all observed fragment lengths.
The genetic differentiation of mainland and island populations was compared using Analysis of Online for additional details). inbreeding (self-pollinated), within-site outbreeding, or between-island outbreeding-there was evidence for significant variation among levels but this was not associated with lower mean fruit set for the selfing treatment. Indeed, average fruit set tended to be higher for selfed flowers than for the other treatments ( Fig. 2 ; Table 1 ). There were no significant site effects ( Table 1 ). Given that these measures of fitness could have been affected by the fact that the within-site outbreeding treatment was applied a week later than the other three treatments, we present analyses below omitting the within-site outbreeding treatment.
RESULTS

Hand-pollination experiments -
Among the open-pollinated, inbreeding, and between-island outbreeding treatments, the only trait for which there was a significant treatment effect was the proportion of flowers that set fruit, which was actually highest for self-pollinated plants ( Fig. 2 ; Table S2 ). Seed germination did not vary by treatment ( Fig. 2 ; Table S2 ).
For traits measured on F 1 individuals grown in the greenhouse-photosynthetic efficiency (Φ PSII , F v /F m ) and leaf number and size (length, width, and thickness)-no significant treatment effects were detected (Fig. 3) whether the within-site outbreeding treatment was included (Table   1) or excluded (see supplementary Table S2 ; note that owing to the extended period of growth in supplementary Table S3 ). RP for 9 of 12 traits measured in this study fell in the range -0.1 to 0.1; power calculations using standard deviations from our experiments indicated that to obtain significant differences in that range, we would have needed at least to double our sample size for most traits to around 2000 flowering ramets, compared with the 933 we used to initiate our experiment. The sole significant difference in RP across our experiments was in fruit set at the South site, where inbred crosses had a significant advantage (RP = −0.21).
Although inbred crosses also had an advantage in fruit set at the West Beach (RP = −0.02) that advantage was not significant, nor was the average RP for fruit set across the two populations on Kent Island (−0.11). These results for RP of fruit set are consistent with the marginally nonsignificant site × treatment interaction in our ANOVA analysis (see supplementary Tables S3-5 ).
Molecular genetic diversity and differentiation -Each primer pair amplified 9-15 distinct fragment lengths (Table S1; Depending upon the primer pair, 0-5% of individuals amplified for only a single fragment, due to inconsistent amplification or a null allele. A large number of different genotypes per primer pair were generated, ranging from 65-93 across the 320 individuals assayed (Table S1 ). Of the 312 individuals for which we obtained genotypes for all three primer pairs, a remarkable 303 showed distinct multi-locus genotypes.
The process of colonization was associated with a loss of genetic diversity; the level of polymorphism was lower for island populations than for mainland populations (59.5% vs.
72.6%, respectively; Table 2 ; Wilcoxon rank sum test, z = 2.374 ; n 1 = 3; n 2 = 13, P = 0.018).
Among island populations, neither island size nor distance from the mainland was a significant predictor of genetic diversity ( Fig. 4 ; Table 2 ). Although island populations showed lower polymorphism, they nevertheless maintained substantial genetic variation, with an average of 7.4 alleles per primer pair in comparison with 8.8 for mainland populations (Table 2 ). Molecular analysis of variance (AMOVA) revealed that only 4% of overall genetic variation was attributable to differentiation between mainland and island populations, 10% was distributed among populations within island or mainland regions, and 86% of genetic variation was maintained within populations.
Populations were strongly diverged. Of the 120 pairwise comparisons of genetic distance between populations, 83 were highly significantly different (P ≤ 0.001), 22 were significantly different (0.001 < P ≤ 0.01), and 13 were marginally different (0.01 < P ≤ 0.10) (see supplementary Table S6 Slight differences between the two Kent Island sites as well as significant treatment × site effects could have been due to distinct physical or ecological conditions, or to small differences in the timing of the experiments. A delay in beginning the within-site outbreeding treatment likely explains reduced seed numbers and capsule sizes in that treatment. In this system, minor differences in environmental conditions may have much larger influences on performance than mating patterns.
Our findings are consistent with other studies carried out on predominantly selfing species, which frequently show little or no inbreeding depression, especially for early life stages (Husband and Schemske, 1996; Winn et al., 2011) . In their review of inbreeding depression, Winn et al. (2011) included 13 species with selfing rates greater than 0.8. Across these species, the median fitness of selfed relative to hand-outcrossed progeny was 0.91 for seed production, 0.95 for germination, 0.99 for juvenile survivorship, and 0.90 for fecundity. In our study, relative fitness of selfed to outcrossed progeny for I. versicolor ranged from 0.90 for seed germination to 1.03 for the number of mature seeds. Relative performance based on F 1 photosynthetic efficiency and plant size also fell largely within this range.
The limited available evidence suggests that allopolyploidy is associated with reduced inbreeding depression (Rosquist, 2001; Barringer and Geber, 2008 ; but see Johnston and Schoen, 1996) . Husband et al. (2008) found that allopolyploids have a significantly higher selfing rate than autopolyploids, which the authors attributed to the protection provided against inbreeding depression in allopolyploid species. Allopolyploids can retain fixed heterozygosity upon selfing because homoeologous loci may pair independently during meiosis. In our initial screening for variable markers, we identified eight loci that amplified the two same fragments across samples from 16 islands, a pattern consistent with fixed heterozygosity with alternative alleles at each of the two homoeologous loci. Amplification profiles for the markers that we scored suggest segregation of alleles at two homoeologous loci, one having up to two alleles per locus and the
cannot disentangle all of these possibilities, but we can distinguish the first from the third by examining outcross progeny fitness from between-island crosses. Heterosis for inter-island crosses would reveal stochastic fixation of different sets of deleterious recessive alleles in different colonization events on different islands, whereas lack of heterosis supports purging of deleterious alleles. We found no evidence for heterosis, which could be a result of the proximity of the three islands or the minimal impact of colonization bottlenecks on fitness-affecting loci.
This result is consistent with our molecular genetic results, in which we found some decline in genetic diversity associated with island colonization, but no consistent pattern of increased isolation with distance from the mainland. AMOVA indicated that the great majority of genetic variation was maintained within populations; less than 5% of the total variation was attributable to differentiation between mainland and island populations.
Our finding of high genetic diversity maintained within populations is consistent with Anderson's (1936) impression that I. versicolor consists of a series of largely autonomous inbred lines with diversity maintained within and between populations by the sheer number of clones.
He found striking morphological differences among colonies even within the same region, noting that "each little colony is a more or less independent evolutionary unit" (Anderson, 1936; p.493 ).
Anderson also found, as we did, little evidence for isolation by distance, saying "In spite of the fact that the colonies measured extend from … Maryland to the North Woods in the case of I.
versicolor, there is practically no evidence of regional differentiation; that is, the formation of morphologically distinct geographical subspecies within (the range)" (Anderson, 1928; p.295) . I.
versicolor does not possess any obvious mechanisms for long-distance seed dispersal, although Anderson (1928) A limitation of this study was our inability to develop co-dominant markers that could be used to estimate selfing rates from progeny arrays or inbreeding coefficients from adult tissues.
Interpretation of genetic data is notoriously difficult in polyploid species (Dufresne et al., 2014 ).
Some workers have been able to interpret dosage by intensity of allozyme bands or peak heights on microsatellite chromatograms (e.g., Esselink et al., 2004 ), but we were only able to score presence/absence of fragment lengths. We have begun to compare banding patterns in progeny arrays to determine whether a subset of fragments could be reliably used as co-dominant markers. This information would allow us to fully explore the implications of island colonization. It would be interesting to see whether islands with lowered pollinator abundance experience higher selfing rates and altered population genetic structure.
In conclusion, island populations of polyploid I. versicolor maintain genetic variation and avoid inbreeding depression in isolated island populations. Future studies could answer questions about ecological differences between mainland sites and islands of varying size and remoteness. 
